We developed a film deposition method which yielded continuous polycrystalline Si films with large lateral grain sizes of over 100 μm and thicknesses of ∼10 μm in 1 min on growth substrates other than silicon wafers in a single-step process. The silicon source is heated to ∼2000°C, much higher than the melting point of Si, which enables a high deposition rate. Controlling the temperature of the growth substrate, initially above and later below the melting point of Si, allows the seamless lateral to vertical growth of crystalline silicon grains. Thermally and chemically stable substrates of quartz glass and alumina with a 0.1 μm-thick amorphous carbon layer were effective; liquid silicon wetted well by forming a thin SiC interlayer while substrates stayed stable. Such large-grain polycrystalline silicon films synthesized rapidly in 1 min may be used for low-cost, stable and flexible thin film photovoltaic cells.
Introduction
Crystalline silicon (Si) wafers and films are supporting our society as key parts of many electronic devices such as semiconductor integrated circuits (ICs), thin-film transistors in flatpanel displays (FPDs) and photovoltaic (PV) cells. The production processes of crystalline Si can be classified into two types; one is wafer production by wire-saw slicing of mono-or polycrystalline ingots made from molten Si, 1 and the other is thin-film deposition on growth substrates by chemical vapour deposition (CVD) of Si precursor gases. 2, 3 Monocrystalline Si wafers, which are high-quality, high-performance and expensive, are indispensable for ICs. Polycrystalline Si wafers or films having larger in-plane grain sizes than the thicknesses, which we call large-grain Si hereafter, have been used as fundamental parts of large-area devices such as PV cells and FPDs. 4, 5 The fabrication processes of large-grain Si films on substrates can be divided by the type of growth substrate: monocrystalline Si substrates and other substrates. Monocrystalline Si films can easily grow on monocrystalline Si substrates through homoepitaxy by CVD, physical vapour deposition, liquid-phase epitaxy and other methods. However, Si films need to be transferred to low-cost carrier substrates (e.g. plastic or glass) in a successive process for cost reduction. 3, 6, 7 The growth substrate and the homoepitaxial film have the same crystal structure, orientation and chemical properties, and therefore it is difficult to separate the film from the growth substrate (i.e. Si wafer). Sacrificial heteroepitaxial interlayers such as CoSi 2 have been reported, 8 but the transfer process is complicated. Methods need to be established for easy separation of the films from growth substrates and reuse of growth substrates. Growth substrates other than monocrystalline Si, such as SiO 2 , are attractive in the viewpoint of the separation of films and substrates. On most of such substrates, Si does not grow epitaxially. Si forms either amorphous films on substrates below its crystallization temperature 9 or polycrystalline films on substrates above its crystallization temperature. 10, 11 In polycrystalline film growth, each nucleus has a different orientation and generally grows isotopically, comes in contact with other growing nuclei and forms continuous films. Then, each nucleus/grain grows in the out-of-plane direction, yielding polycrystalline films with a lateral grain size smaller than the thickness. To obtain polycrystalline films with large grains (i.e. lateral grain size larger than the film thickness), films are post-treated by laser or lamp annealing [12] [13] [14] to cause lateral grain growth through melting and (re)crystallization processes. In particular, the zone melting recrystallization (ZMR) method can enlarge grains in several micrometre-thick films from the micrometre scale to the centimetre scale by sweeping a heater and thus producing several millimetre-wide molten zones at sweep rates of a few centimetres per minute. 15 However, the ZMR process is accompanied with agglomeration of molten Si, the so-called balling-up effect, as a result of surface tension, and therefore Si films have to be covered with a SiO 2 capping layer to prevent agglomeration. 15, 16 Among these processes, the excimer laser annealing process has been used for the production of FPDs. 5 However, none of these methods have been practically used for the production of low-cost PV cells. The ribbon Si process, which coats and crystallizes molten Si on heat-resisting substrates, can be used to fabricate large-grain polycrystalline Si films of around 100 μm in thickness, [17] [18] [19] but further thinning is difficult because of the surface tension of molten Si.
In this report, we propose and develop a new method called "rapid vapour deposition (RVD) of liquid Si and in situ melt crystallization", which yields large-grain polycrystalline Si films directly on heat-resistant substrates other than monocrystalline Si in a single-step process. RVD is a vacuum deposition process realizing a high deposition rate of over 10 μm min −1 by heating a Si source in boats to T boat ∼ 2000°C, which is much higher than the melting point of Si, T m = 1414°C. 20 During RVD, the substrate temperature T sub is intentionally changed in a controlled manner; T sub is set at >T m for the first several seconds to deposit Si as a liquid film, and subsequently T sub is decreased to <T m to nucleate Si crystals and grow them laterally in the liquid film, and finally thickening the film to ∼10 μm by continuing the deposition of Si vapours. All these steps are completed seamlessly in one process within 1 min, yielding 10 μm-thick crystalline Si films with a lateral grain size of over 100 μm on a heatresistant quartz-glass and alumina substrate with a 0.1 μm-thick amorphous carbon (a-C) adhesive layer.
Experimental
Quartz glass (SiO 2 ; 15 mm square, 0.5 mm in thickness), monocrystalline (100) Si wafer with a 50 nm-thick thermal oxide layer (SiO 2 /Si; 20 mm square, 0.65 mm in thickness, Cz-p type, resistivity of 10-20 Ω cm), polycrystalline alumina (Al 2 O 3 ; 15 mm square, 1 mm in thickness) (Nilaco AL-017518, Tokyo, Japan), or sapphire (c-plane, 20 mm square, 0.3 mm in thickness) (Kyocera, Kyoto, Japan) were used as substrates. The substrates were pre-treated by immersing them into a mixed solution of H 2 SO 4 (95 wt%) and H 2 O 2 (30 wt%) with a volume ratio of 3 : 1 for 5 min, and then rinsing them with purified water. The pre-treated monocrystalline Si substrates were subsequently dipped in HF solution (5 wt%) for 1 min to partially remove the thermal oxide from half of their surface, and were then rinsed with purified water. A 0.1 μm-thick a-C layer was deposited on some substrates by direct current magnetron sputtering under 2.5 Pa Ar. For RVD, (100) Si wafer (3.5 × 30 mm 2 , 0.65 mm in thickness, Cz-p type, resistivity of 10-20 Ω cm) was used as the vapour deposition source after pre-treatment by immersion in HF solution (5 wt%) for 1 min and rinsing with purified water. Fig. 1 shows a digital image and a schematic of the internal structure of the RVD apparatus. The components were set from bottom to top as follows: two tungsten boats for the Si source, a substrate stage made of quartz glass, a W 0.95 Re 0.05 -W 0.74 Re 0.26 thermocouple, a substrate heater made of a graphite sheet and four reflectors made of molybdenum sheets. After setting a substrate on the stage with its surface facing down and the Si source on the boats, the chamber was evacuated to <3 × 10 −4 Pa using a turbomolecular pump with an oil rotary pump. The substrate heater was turned on to make the thermocouple reach a target temperature, and then RVD was carried out by resistive heating of the source boats to ∼2000°C in several seconds. Si was deposited for 1 min, and after that, heating of the source boats was turned off to finish the deposition. The structure of the Si films was analysed by scanning electron microscopy (SEM; Hitachi S-4800, Tokyo, Japan) and X-ray diffraction (XRD; Rigaku RINT-TTR III, Tokyo, Japan) with a monochromatised CuKα X-ray source.
Results and discussion
The proposed model with typical results of the deposition method and comparison with conventional methods Fig. 2 shows a schematic comparing the film growth processes by our deposition method and the conventional deposition method. In common methods such as vacuum deposition or CVD, a substrate is kept at a constant temperature with T sub < T m during deposition (Fig. 2b) . On a substrate in which epitaxial growth does not occur (e.g. SiO 2 ), Si atoms form small nuclei that grow in the out-of-plane direction and form columnar grains. Grains oriented in the fastest growth direction grow preferentially, often resulting in increasing surface roughness with film growth. However, in our method, Si is deposited on a substrate set at T sub > T m , condensing on the substrate to form a liquid film (Fig. 2a) . Although Si re-evaporates from the liquid film, the Si source heated at T boat ≈ 2000°C ≫ T m yields a much higher vapour pressure than the liquid film, realizing a deposition rate which is much larger than the re-evaporation rate and the deposition of the liquid film. Then, we lower the T sub value to <T m to nucleate Si crystallites from the liquid film, inducing lateral grain growth of planar grains in the liquid film, and thickening the film to ∼10 μm by continuing the vapour deposition. Through this growth model, we tried to obtain large-grain polycrystalline Si films in 1 min. Fig. 3 shows a typical Si film deposited on a 0.1 μm a-C/SiO 2 substrate using our method. Fig. 3a shows the time profile of the temperature of the thermocouple, T TC ; the deposition was started at 0 s with T TC > T m , T TC was quickly decreased to T TC < T m at 5-20 s by decreasing the input power for the substrate heater, T TC was kept almost constant for 20-60 s, and then heating of the boats was turned off at 60 s, resulting in a further decrease in T TC at 60-70 s. The thermocouple was not in contact with the substrate to avoid temperature distribution in the substrate, and therefore, T TC has some deviation from T sub and is used as a reference. We made a reference experiment to measure T sub using a 0.1 μm a-C/SiO 2 substrate with a Pt-Pt 0.87 Rh 0.13 thermocouple fixed at the centre of the substrate. We carried out the RVD process with the same time profile of input power for the tungsten boats and the carbon heater but without putting the Si source material in the boats. As shown in the ESI, † Fig. S1 , T sub proved to be 100-150°C lower than T TC , and slightly above the melting point of Si (T m = 1414°C) when the RVD process was started. T sub decreased below T m by decreasing the heating power for the upper carbon heater at 5 s. The digital image of the sample in Fig. 3b shows that Si was deposited on the inner 13 mm square area of the 15 mm square substrate and showed a silver-grey colour with patterns coming from the 100 μm grains. The surface and cross-sectional SEM images of the Si film in Fig. 3c and d show that a Si film with a lateral grain size of over 100 μm and a thickness of 10 μm was actually obtained rapidly in 1 min by our deposition method. The out-of-plane XRD pattern of the Si film in Fig. 3e shows the diffraction peaks from a diamond structure without any preferred orientation. The intensity ratios were different from the powder pattern and changed with the measurement point because only a limited number of the large Si grains (over 100 μm) were detected in each XRD measurement.
We next show the growth behaviour of Si films at a temperature of T TC ∼ 1100°C < T m with a fixed substrate heater power. Fig. 4a shows a digital image of the sample deposited on the SiO 2 /Si(100) substrate with SiO 2 removed by HF from half of its surface. The Si film deposited on SiO 2 had a cloudy white surface whereas the Si film deposited on Si(100) had a mirror surface. The surface SEM images showed submicrometre-sized grains for the Si film on SiO 2 (Fig. 4b) and a flat surface without any texture for the Si film on Si(100) (Fig. 4c) . The cross-sectional SEM images showed columnar grains for the Si film on SiO 2 (Fig. 4d ) and a flat cross-section without any texture or boundary with the substrate for the Si film on Si(100) (Fig. 4e) . The low-magnification cross-sectional SEM image near the boundary between SiO 2 /Si and Si showed a clear change in the Si film structure and rapid deposition of 16 μm in 1 min (Fig. 4f) . The out-of-plane XRD spectrum of the Si film on SiO 2 /Si in Fig. 4g shows a prominent (400) peak coming from the Si(100) substrate with a forbidden (200) peak, which is characteristic of monocrystalline Si. 21 In addition, (111), (220) and (331) peaks are observed, and therefore, the film is polycrystalline Si without any specific orientation in the out-of-plane direction. The Si film on Si(100) showed the same XRD spectra as the Si(100) substrate; the out-of-plane XRD spectrum showed only (400) and (200) peaks (Fig. 4h ) and the Φ scan of the (022) diffraction showed a four fold symmetry (Fig. 4i) . These results prove that the Si film grew by homoepitaxy on the Si(100) substrate. Our RVD method realized the rapid growth of Si films at 16 μm min −1 owing to the high T boat ∼ 2000°C, as a homoepitaxial film on the Si(100) surface, possibly owing to the high mobility of Si adatoms at the high substrate temperature, and as a columnar polycrystalline film on a SiO 2 surface. As mentioned above, compared with the conventional vapour deposition method at a constant substrate temperature below the melting point, our method can yield Si films with a significantly different structure with planar large grains by changing the substrate temperature, starting from T TC (∼T sub ) > T m and decreasing to T TC (∼T sub ) < T m during deposition. The conditions for large-grain polycrystalline Si films are discussed in detail below.
Effect of cooling rate on the grain sizes of the Si films deposited on a-C/SiO 2 substrates
Si films were deposited on a-C/SiO 2 substrates with different cooling rates. Deposition was started with T TC > T m and continued at the fixed substrate heater power for 5 s, and then the heater power was decreased at three different rates (Fig. 5a) . The digital images of the surface (Fig. 5b-d) showed shinier surfaces with coarser patterns for the samples deposited with slower cooling rates. The SEM images of the surface (Fig. 5e-g ) showed polycrystalline films with lateral grain sizes changing with the cooling rates, from ∼50 μm by fast cooling to >100 μm by slow cooling. The grain size of the deposited Si films changed with the cooling rate, similar to the ordinal crystal growth from molten Si.
Si film growth on SiO 2 substrates without the a-C layer Fig. 6 shows a Si film deposited on the SiO 2 substrate without the surface a-C layer. In the digital image (Fig. 6a) , the part surrounded by red broken lines is the deposited area; however, a continuous Si film remained only on the greycoloured central region of a 10 mm circle. A spherical particle with a diameter of ∼1 mm was found at the centre, which should have solidified from a Si droplet repelled from the SiO 2 substrate. The SEM images of the surface and crosssection of the Si film at the central region showed a polycrystalline film with grain size as small as several micrometres (Fig. 6b and c) . In the digital image (Fig. 6a) , transparent SiO 2 was exposed at the outer region. The surface and crosssectional SEM images showed small spherical Si particles of ∼10 μm in diameter. Liquid Si should easily repel from and be discontinuous on the substrates with poor wettability.
Conversely, the SiO 2 substrates with a 0.1 μm-thick a-C surface layer yielded large-grain Si films uniformly over the deposited area as shown in Fig. 3 and 5 . Next, we examined the very early stage of Si deposition on a-C/SiO 2 to check the behaviour of Si on the a-C layer. We deposited Si for only 5 s, quickly cooled down the substrate, and then analysed the sample by SEM and XRD, as shown in Fig. 7 . There are many droplet-like Si grains with smaller heights than the lateral dimensions and a much smaller wetting angle of ∼50° (  Fig. 7c) than the SiO 2 substrate without an a-C layer (Fig. 6e) . The thin Si layer might have de-wetted during the cooling down process in this experiment of 5 s deposition. During actual deposition for 1 min, however, Si was depositing rapidly on the Si layer, and the thickening Si layer formed a continuous film without de-wetting on the substrate. Fig. 7d is the grazing-incidence XRD spectrum of this sample, which clearly shows the formation of β-SiC. Contact angles were previously reported for liquid Si on vitreous carbon (a-C) to be 40-50°at 1426°C (ref. 22 ) and 36°at 1430°C, 23 which agree well with our observation (∼50°, Fig. 7c) . A 0-100 nm a-C layer was previously applied to a microcrystalline alumina substrate to improve the wettability of Ni-63 at% Si alloy, where the formation of SiC was the key for the improved wettability. 24 Thus, we conclude that a-C reacted with liquid Si and formed a β-SiC layer, on which liquid Si wetted well. As discussed above, Si formed continuous films with large grains on a-C because of the good wettability of Si with a-C. In contrast, Si had poor wettability with SiO 2 , yielding the repelled Si droplets and the discontinuous film of the solidified Si particles on the SiO 2 substrate without an a-C layer. Because liquid Si reacts with an a-C layer to form SiC, it is important to have an a-C layer thin (0.1 μm) enough not to consume much Si by this reaction.
Effects of substrate materials: comparison of SiO 2 and Al 2 O 3 substrates
Residual stress between films and substrates can cause breaking and/or delamination of the films. In our method, a mismatch of the linear thermal expansion between the Si films and the substrates causes thermal stress during the cooling process. The linear thermal expansion of Si, fused SiO 2 , polycrystalline Al 2 O 3 , and a-axis Al 2 O 3 at the temperature range of 20-1500°C are estimated using previously reported equations 26 and summarized in Fig. S2 . † It clearly shows that fused SiO 2 has the smallest value, Si has the medium value and Al 2 O 3 has the largest value. Fig. 8 shows the Si films formed on a-C/SiO 2 and a-C/Al 2 O 3 substrates. Linear cracks can be seen on a-C/SiO 2 at intervals of several tens of micrometres whereas no cracks were observed on a-C/Al 2 O 3 .
Tensile stress worked on the Si film on a-C/SiO 2 during cooling, resulting in crack formation. It should be important to choose appropriate substrates with thermal linear expansion similar to or somewhat larger than Si to obtain crackfree continuous Si films.
Conclusions
We proposed a film deposition method, in which Si is rapidly deposited on a substrate heated above the melting point of Si and the substrate is subsequently cooled down below the melting point while maintaining rapid deposition. The method yielded continuous polycrystalline Si films with large lateral grain sizes of over 100 μm and thicknesses of ∼10 μm in 1 min in a single process on SiO 2 and Al 2 O 3 substrates with a 0.1 μm-thick a-C layer. To realize such films without using monocrystalline Si substrates, the choice of substrates is important. The substrates need to be thermally stable at temperatures above the Si melting point, chemically stable enough against liquid Si to be reusable, and in addition, need to have good wettability with liquid Si and to apply small/no tensile stress to the resulting Si films. An Al 2 O 3 substrate with an a-C layer was a good combination, yielding crack-free continuous Si films with large grains owing to the good wettability of liquid Si with a-C via the reaction forming SiC and the larger thermal linear expansion of Al 2 O 3 than Si (and thus compressive stress instead of tensile stress working on the resulting Si films).
To practically produce Si films for real applications such as PV cells, how to avoid contamination to Si films at a high temperature and how to scale-up the process are the crucial issues. The maximum substrate temperature was slightly above the melting point of Si (Fig. S1 †) . This shows that our process has a similar temperature to but much shorter time than the ingot production process. Al is an effective dopant in making a back surface field in bulk Si PV cells 27 and thus the Al 2 O 3 substrate would be promising in avoiding the negative effects of contamination. For scale-up, we are planning a continuous process carrying growth substrates over a Si melt bath. It may be possible to directly convert Si melt in a crucible to Si films on Al 2 O 3 with a takt time of ∼1 min, instead of making and slicing Si ingots into thick wafers in many hours/days. There is a long way to reach such goal, but this work should be the very important first step. As the next step, we are now working on a method to transfer large-grain Si films from a growth substrate to device substrates (glass and/or plastic) and reuse the growth substrate to achieve practical low-cost production of such Si films.
